A cross-system comparison of organic carbon origin and behaviour in nine European estuaries is presented. The study sites display a very large range of hydrological and environmental conditions. The watershed of the respective estuaries were characterized by plotting the total organic carbon (TOC) in the rivers versus the inhabitants/discharge ratio. This allows to distinguish four types of watershed with regard to anthropogenic forcing and organic carbon levels: polluted by sewage inputs (Scheldt and to a much lesser extent, Ems, Sado and Thames), decontaminated (Elbe and Rhine), pristine (Gironde and Douro) and eutrophized (Loire and Scheldt).
Introduction
The quantity of carbon transported by rivers is an important and well-documented component of the global carbon cycle (Meybeck, 1982; Degens et al., 1991; Meybeck, 1993a,b; Ludwig et al., 1996) . Among the 0·9 Gt of carbon carried every year by world rivers, about 40% is organic and 60% inorganic (Meybeck, 1993b) . The sources of organic carbon have been identified, but their relative contributions to the total flux are not yet determined. Meybeck (1993a,b) stated that soils were the major source of organic carbon, followed by rocks, with river-borne phytoplankton being negligible at the global scale. In addition, he emphasized that organic matter derived from domestic, agricultural and industrial wastes was difficult to quantify but could significantly contribute to the global budget.
Estuaries are an obligate pathway for this material before it reaches the coastal ocean. In these highly dynamic systems, heterotrophy generally dominates autotrophy (Heip et al., 1995; Gattuso et al., 1998) , and the biologically reactive fraction of the riverine organic matter may be partly or entirely mineralized (Servais et al., 1987; Ittekkot, 1988; Hopkinson et al., 1997; Moran et al., 1999) . Consequently, present-day estimations of the organic carbon transported by rivers are probably an overestimation of the net input to the coastal ocean. A net mineralization of riverine particulate organic carbon (POC) has now been reported in many estuaries worldwide (Cadée & Laane, 1983; Etcheber, 1983; Eisma et al., 1985; Meybeck et al., 1988; Wollast, 1988; Ittekkot & Laane, 1991; Keil et al., 1996; Zhang et al., 1998; Veyssy et al., 1999) . However, the factors that control the intensity of this POC mineralization are still incompletely understood (Herman & Heip, 1999) . By contrast to POC, dissolved organic carbon (DOC) generally exhibits a linear distribution as a function of salinity, which suggests conservative mixing (Laane, 1980; Ittekkot et al., 1982; Mantoura & Woodward, 1983; Cadée et al., 1993) . However, riverine DOC contains a highly variable but significant labile fraction, which can be consumed at the time scale of estuarine mixing (Servais et al., 1987; Hopkinson et al., 1997; Moran et al., 1999) . The apparent conservative behaviour of DOC in estuaries is therefore often due to the existence of simultaneous sources and sinks that result in small net changes in bulk concentrations (Cifuentes & Eldridge, 1998; Moran et al., 1999; Raymond & Bauer, 2000) .
Within the BIOGEST project (BIOGas transfer in ESTuaries; Frankignoulle et al., 2001) , nine contrasting European estuaries were sampled for studying biogas distributions (CO 2 , N 2 O, CH 4 , DMS, etc.) and the underlying biological processes. Together with nutrients, organic carbon was an important parameter to understand the origin of these gases. The data obtained during this project are also valuable for contributing to a better understanding of organic carbon behaviour in estuaries. Although European rivers account for only 7% in the global organic carbon budget (Ludwig et al., 1996) , some of the patterns we observed here can be extrapolated to other regions. The selected sites display a very large range of hydrological and environmental situations, which allows an original cross-system comparison. In addition, some of the studied sites were already well documented, especially in terms of river transport (Ludwig et al., 1996 and references therein) , which may compensate some weakness in our sampling frequency at the freshwater end-member. The objective of this paper is to relate the behaviour of organic carbon (in particular the loss of POC) in estuaries, with several environmental and hydrological parameters. Applying data from the literature, we first propose a qualitative classification of the studied watersheds, with emphasis on anthropogenic forcing and sewage inputs, which are largely significant in Western Europe. Afterwards, we analyse the distribution patterns of DOC and POC in the estuarine zone and relate them to the previous qualification. Finally, we give estimates of the quantity of terrestrial POC mineralized in each estuary and propose two major variables which control its intensity: its bioavailability, that increases with the sewage contribution, and the residence time in the estuarine zone.
Materials and methods

Study sites
In this study, nine European estuaries were investigated (Figure 1 ). These sites display a large range of hydrological and environmental conditions (Tables 1  and 2 ). The ratio inhabitants/discharge (that reflects the potential for pollution, taking into account dilution) decreases over one order of magnitude from the North (Ems, Elbe, Thames, Rhine and Scheldt) to the South (Loire, Gironde, Douro and Sado). The Rhine and Douro estuaries are river-dominated, with high river discharges (Table 1) , short residence times (<1 week), reduced inner areas and extended plumes at sea, with very low salinities at the mouth (Table 2) . They are also highly stratified, both in the inner channel and in the plume at sea. In the other seven estuaries (Elbe, Ems, Thames, Scheldt, Loire, Gironde and Sado) the mixing between fresh-and seawater occurs mainly inside the limits of the coast, the salinity at the mouth being about 30-32 (Table 2) . They are well-mixed and turbid estuaries. The Scheldt, Sado and Gironde have the longest residence times (>1 month) and the Elbe, Ems, Thames and Loire have intermediate residence times (2-6 weeks). The Ems and Sado have extended tidal flats, respectively the Dollart and the Marateca bay.
Cruises and sampling
Within the BIOGEST project, 19 cruises were conducted in these estuaries, from July 1996 to February 1999 (Table 3) . Data from an additional cruise in the Sado estuary (May 1996) and from a seasonal survey (May 1997 -May 1998 in the low salinity region of the Scheldt (Abril et al., 2000) are also used in the present paper. Seasonal sampling was performed in the Rhine, Scheldt and Gironde (four cruises) and in the Thames and Sado (two cruises). Surface waters were sampled each 2·5 salinity steps with a 20-l Niskin bottle, which was shared between the different teams. Bottom samples were also taken every five salinity steps. During the first cruise in the Scheldt estuary (July 1996) five different laboratories measured suspended particulate matter (SPM), POC (expressed either in % of SPM or in mg l 1 ) and DOC and three laboratories measured Chl a. Afterward, only one to three laboratories measured these parameters at the same time.
Analytical techniques
The separation of particulate material (SPM, POC and Chl a) from DOC was done by filtering water F 1. Location of the watershed of the nine estuaries investigated within the BIOGEST project. T 1. Characteristics of the river basins. Demographic parameters were calculated using regional data from Hunter (1999) 21 600  120  6  300  54 000  Rhine  224 000  2200  10  350  35 600  Gironde  71 000  1000  14  70  5000  Thames  14 000  300  21  510  23 800  Elbe  145 800  715  5  310  63 200  Ems  9000  80  9  470  43 900  Sado  7600  100  13  180  13 700  Douro  115 320  1700  15  90  6100  Loire  115 000  850  7  60  8100 samples under a 0·2-0·3 atm vacuum. SPM was determined on pre-weighed Whatman GF/F glassfibre filters (porosity 0·7 m), or Sartorius cellulose filters (0·45 m). POC content was determined on pre-combusted and pre-weighed Whatman GF/F glass-fibre filters. Filters were kept dried until analysis, which was performed using Carlo Erba and LECO total carbon analysers. All laboratories removed the carbonates with an in situ acidification (H 3 PO 4 or HCl), following protocols similar to the one described by Nieuwenhuize et al. (1994) , except lab. 10, which used a loss-on-ignition technique at 450 C, Chl a was measured on GF/F filters which were stored frozen. All laboratories used a fluorescence determination, after extraction in 90% acetone (Strickland & Parsons, 1972) . Concerning DOC, most laboratories stored the filtrates obtained through pre-combusted GF/F filters in decontaminated Pyrex vials and acidified at pH 2. Laboratory 10 kept samples frozen. Conservation at 4 C followed by analysis within 1 week was also used by lab. 3. Most laboratories performed the analysis by the high temperature catalytic oxidation (HTCO) method using Shimadzu TOC analysers, except lab. 3, that used an UV-wet oxidation method (WCO). T 2. Characteristics of the investigated estuaries (Frankignoulle et al., 2001) (King et al., 1998) . Finally, lab. 10, which used a loss-on-ignition technique, obtained significantly higher POC% values compared to labs 2, 3, 7 and 8, possibly due to a destruction of Mn-calcite at temperatures below 450 C (Krom & Berner, 1983) ; this discrepancy was mostly observed in the Scheldt, whereas in all the other estuaries, POC% data from lab. 10 fitted well ( 15%) with the others. For DOC [Table 4(d) ], labs 2 and 3 showed the best correlation, with no significant intercept, but a slope of 0·93, consistent with the differences generally observed between HTCO (lab. 2) and WCO (lab. 3) methods (Sharp, 1992; Cauwet, 1994) . At the beginning of the project, labs 7 and 8 had significant intercepts vs labs 2 and 3, probably due to inadequate blank corrections (Cauwet, 1994) . There was also a change in data quality with time and, for example, lab. 7 improved his DOC measurements during the project and its data fitted very well with lab. 3 for the last two cruises in the Loire (September 1998) and in the Thames (February 1999) . Also, lab. 10 acquired the equipment for DOC and beginning of the project and used these measurements for intercalibration. The quality of their data was first insufficient but increased throughout the project period. In order to select the most appropriate data set, all data available were compared for each cruise. Some of them were rejected according to the previous considerations. Table 5 summarizes the selected data. For most cruises, data from at least two laboratories, that were consistent at 10%, were averaged. On some occasions, some outlying erratic values were excluded.
Intercalibration between laboratories and data selection
For Chl a, the reproducibility between the three laboratories (2, 7 and 10) was very good [Table 4(e) ] so the data used here are averages.
Results and discussion
Anthropogenic pressure on the watersheds and origins of organic carbon
In the nine studied estuaries, rivers are by far the major source of organic carbon. It is of major importance to discuss the origin of this material, as it determines its lability and fate in the estuarine zone. In this first discussion section, we will first focus on the Gironde and Scheldt basins, which, besides being well documented, have recent databases available for comparison (Wollast & Marijns, 1981; Wollast, 1988; Veyssy 1998; Veyssy et al., 1999; Abril, 1999; Abril et al., 2000) . The eight rivers included in the respective basins represent very diverse conditions occurring in Western Europe (Table 6 ): the Scheldt basin is much more densely populated than the Gironde basin and has lower river discharges. This leads to high inhabitant/discharge ratios with a maximum in the Zenne river (Brussels city). In the Gironde basin, solid transports are typical of natural erosion rates in the Isle coastal plain river (13 t km 2 y 1 ) and in the Garonne that drains the Pyrenean mountains (46 t km 2 y 1 ). In the Dordogne, some sediment retention occurs by dam trapping effects (Maneux et al., 2001) . On the contrary, on the Scheldt basin, much more solids (20-80 t km 2 y 1 ) than expected for plain rivers are transported, due to significant domestic and industrial sources (Wollast & Marijns, 1981) . Owing to the lack of sewage treatments in the Scheldt basin, the differences in population are directly reflected in the amounts of carbon transported by the rivers and a linear relationship between TOC and the inhabitants/discharge ratio is obtained ( Figure  2 ). The slope of the relationship gives an estimate of the per-capita load (Wollast, 1983) Zanozi & Rutkowski, 1972) , due to respiration in the rivers. In addition, the intercept of the relationship gives a value of 4 mg l 1 , which is close to the average value given by Meybeck (1982) for pristine rivers (5 mg l 1 ) and well representative for temperature, coastal plain, unpolluted rivers with low solid transport like the Dordogne (Table 6 ). For the Scheldt basin, the contribution of the phytoplankton biomass to the total organic carbon load has already been determined (Abril, 1999) . Based on the 
(e) Chlorophyll a ( g l 1 ) range: 0·1-100
natural soil TOC value of 4 mg l 1 as deduced from Figure 2 , we can also make the distinction between anthropogenic and soil sources. Veyssy (1998) and Veyssy et al. (1999) have made similar calculations for the Gironde basin. These results are synthesized in Table 7 , where the contribution of soils, phytoplankton and anthropogenic loads to the total organic carbon transported by the eight rivers are given. The contrast existing between these two basins, Scheldt and Gironde is evident: in the Gironde, soils are by far the major source of organic carbon, whereas in the Scheldt, sewage inputs dominate, phytoplanktonic biomass being also significant owing to the high degree of eutrophication (Krompkamp et al., 1995) .
The Gironde and Scheldt watersheds represent extreme situations compared to the ones of the seven other estuaries. large, the highest values being measured in the Scheldt and the lowest in the Douro. The contribution of phytoplankton to the total POC is also highly variable, the Loire and Scheldt being the most eutrophicated basins. We have selected a TOC value for these rivers, the reliability of which is variable. In the Scheldt, Gironde, Elbe, Ems and Loire watershed, the estimate is based on monthly to weekly measurements and values are discharge-weighed (the value is the annual TOC load divided by the annual water load). In the Rhine, a database corresponding to hundreds of samples is available for the 70s (Eisma et al., 1982) . However, recent improvements have been made in wastewater treatments (ICPR, 1994) and the concentrations we observed during our study were more than two times lower than the one reported by Eisma et al. (1982) . For that reason, we have selected our TOC value; it is based on only four measurements, but seasonal variation was less than 1 mg l 1 . Finally, in the Thames, Douro and Sado we could not find data in the literature and the TOC value is based on one or two cruises.
In Figure 3 , TOC values from Table 8 have been plotted versus the inhabitants/discharge ratios from Table 1 . Distinct patterns are distinguished for the different estuaries. The proposed classification of the watersheds applies only to the European region, as highly turbid rivers or ' blackwater ' rivers, for example, would not fit in this figure (Meybeck, 1982) . Although sewage treatments are developed on the Ems and Thames basins, the presence of the city of London (>7 M inhabitants) in the Thames and of potato-processing factories in the Ems (Cadée, 1987) are important pollution sources, a large fraction of the TOC being likely derived from sewage inputs. In the densely populated Elbe and Rhine basins, on the contrary, owing to recent improvements of sewage treatments, TOC concentrations are close to natural levels. In France and Portugal the population density is lower, but the TOC concentrations show distinct levels: in the Gironde and Douro TOC concentrations are representative for natural levels, being higher in the Gironde due to soil erosion in the Pyreneans. The Sado fits on the TOC/inhab. pollution line, which suggests a moderated anthropogenic pressure, but F 2. Relationship between TOC and the number of inhabitants normalized with the river flow in the Gironde and Scheldt basins. River numbers refer to Table 6 . Excluding the highest value from the highly polluted Zenne River decreases the R-square value to 0·85 but does not significantly change the relationship. T 7. Relative contribution (in percents) of soils, phytoplankton and wastewater loads to the TOC transported into the Gironde and Scheldt estuaries. For the Gironde basin, estimations are based on Veyssy (1998) . For the Scheldt basin, the contribution of phytoplankton is from Abril (1999) and the difference between the soil and anthropogenic sources is made in this study, on the basis of an average natural soil TOC value of 4 mg l 1 from Figure 2 Soils Phytoplankton Anthropogenic (Dessery et al., 1984; Meybeck et al., 1988; Meybeck, 1993b) .
Presentation of the estuarine data set and global trends in estuaries
The estuarine data obtained in the BIOGEST project (Table 9) confirm previous results obtained in several estuaries (Gironde estuary : Etcheber, 1983; Veyssy et al., 1999; Scheldt estuary: Wollast, 1988; Ems estuary: Laane, 1982; Loire estuary: Billen et al., 1986; Meybeck et al., 1988) . Two regions can be distinguished: the upper estuary (salinity <15), which almost always corresponded to the maximum turbidity zone (MTZ) and the lower estuary and the plume at sea, where photosynthesis is in general not light-minded. As sampling was performed uniformly along the salinity gradient (one sample each 2·5 salinity increment) average values for these two areas can be quantitatively compared. In bottom samples (not shown), up to ten times higher SPM and POC concentrations could be observed in MTZs. In the Gironde and Loire estuaries, a layer of fluid mud was present on the bottom during the neap tides (July 1997 Meybeck et al. (1988) ‡Three levels of data quality have been distinguished: + + +is based on monthly to weekly measurements (literature data), average concentrations being discharge-weighed; + +(Rhine) is based on four samples at all seasons, but seasonal variation for TOC was less than 1 mg l 1 ; +are based on one or two samplings only. same DOC values, except in stratified estuaries, when salinity was very different. There was however no significant difference when referring to the same salinity. An exception was the MTZ of the Gironde estuary, where DOC could be 20% higher in bottom samples than in surface samples at the same salinity .
For cross-system comparisons and an investigation of the global trends, classical plots used in river and estuary studies (Laane, 1982; Meybeck, 1982; Ittekkot, 1988) have been performed in Figure 4 . POC% decreased with SPM [ Figure 4 (a)] a very classical tendency already reported in rivers, when comparing either different systems or an individual river at different seasons (Meybeck, 1982; Ittekkot, 1988; Ludwig et al., 1996; Veyssy et al., 1999) . In estuaries, the spatial variations largely dominate the temporal variations: higher POC% values are observed in the rivers and the downstream region of the estuaries, due to a significant contribution of autochthonous material, whereas POC% are observed in MTZs, where terrestrial material dominates and where high turbidity limits the development of phytoplankton. The highly polluted and eutrophic Scheldt is however clearly out of this trend, with highest POC% values in the MTZ (SPM=50-200 mg l 1 ). The Rhine and Douro have the highest POC% values, being the less turbid systems. The Elbe, Ems, Loire, Gironde and Sado have highly concentrated MTZ where POC% is low and constant. It can be seen in Figure 4 (a) that the estuarine data do not exactly fit with curves established by Meybeck (1982) and Ludwig et al. (1996) for world rivers. In particular in the 10-100 mg l 1 SPM range, excluding the Scheldt, POC% are globally lower, reflecting some POC loss due to mineralization in estuaries.
The ratio POC/Chl a, that describes the relative contribution of non-algal POC to the total POC, increased with turbidity [ Figure 4 ) when comparing all the estuaries, as well as for each estuary, except the Thames. This confirms the general limitation of algal developments due to turbidity and the predominance of allochtonous POC ion MTZs. However, slopes and intercepts of these relationships varied markedly from one estuary to the other, due to highly variable degrees of eutrophication, light limitation and allochtonous inputs. The lowest POC/Chl a ratio observed was 40, which is close to the ones given by Relexans and Etcheber (1982) , Laane (1982) and Dessery et al. (1984) Rhine plume (SPM=1 mg l 1 and Chl a=5 g l 1 at salinity 25 in July 1997) and at high SPM and Chl a concentrations in the upper Scheldt estuary (SPM=70 mg l 1 and Chl a=90 g l 1 at salinity 1 in June 1997). The latter observation is consistent with a previous study that reported high phytoplanktonic biomass in the upper area of the eutrophic Scheldt estuary, despite a very low light availability .
Very different levels of DOC were measured in the estuaries, between >10 mg l 1 in the upper Scheldt and 1-2 mg l 1 at highest salinity in all sites ( Table  9 ). The ratio DOC/POC showed a large range of variation, values decreasing SPM concentrations [Figure 4(d) ]. After a Log-Log transformation, the following relationship was obtained:
This relationship gives a DOC/POC ratio equal to one when SPM=95 mg l (Table 8 fitted well with this relationship established with the estuarine data). This indicates that, when comparing all systems together, DOC and POC/SPM ratio (or POC%) co-vary from one watershed to another as well as on the river-estuary continuum (Meybeck 1982; Hermann & Heip, 1999) . However, when considering individual estuaries, this co-variation of DOC and POC% is not systematically observed, due to different behaviour of POC and DOC, as we will discuss in the following sections.
Behaviour of DOC in the estuarine zone
Recent works have revealed that a linear distribution of DOC versus salinity does not necessarily imply a conservative behaviour, since sources and sinks might occur simultaneously (Cifuentes & Eldridge, 1998; Raymond & Bauer, 2000) . Indeed, in our study sites, linear decreasing distributions were the general pattern (not shown). However, we also observed nonconservative behaviours (Figure 5 ), which confirm the presence of intense DOC sources and sinks in the estuarine zone. In the Scheldt, the DOC profile shows a sharp consumption in the low salinity area. Flocculation of humic substances probably plays a minor role, since these compounds likely contribute to a minor fraction of the high DOC in the polluted Scheldt River. This high DOC consumption is rather related to a high degradability of the sewage-derived material. Servais et al. (1987) determined that in the upper Scheldt, about one half of the DOC was biodegradable in 15 days, which is less than the residence time of waters in this area.
In the Gironde, Sado and Ems estuaries, the DOC vs salinity plots suggests some lateral or internal inputs of DOC. In the Gironde, the input of DOC is located at the low salinity region, at the entrance of the highly concentrated MTZ and is very similar to the ones reported in the Loire by Billen et al. (1986) and in the Humber by Alvarez-Salgado and Miller (1998) . In the Gironde MTZ, bottom DOC concentrations can be 10-20% higher than surface concentrations and fluid mud layers, when present, have even higher DOC concentrations . This DOC input might be due to desorption processes (Miller, 1999) , presumably in relation with changes in surface mineral structures under oscillating oxic/suboxic conditions and fluid mud resuspensions .
In the Sado, the input of DOC around salinity 25, occurs simultaneously with an input of NH + 4 ( Figure 5 ). This is consistent with observation from Cabeçadas et al. (1999) who mentioned effects of tidal flushing of the shallow Marateca Bay on the chemical composition of waters in this salinity range. Also, the occurrence of simultaneous inputs of DOC and NH + 4 from intertidal areas has been previously reported by Prahl and Coble (1994) in the Columbia estuary. Indeed, sediments have been identified as significant DOC sources (Burdige & Homstead, 1994; Argyrou et al., 1997) , and their influence increases with decreasing water depth. Finally, in the Ems, the tidal flushing of the Dollart Bay influences the water composition in the 5-15 salinity range. DOC release from intertidal sediments, together with an input from a potato-processing factory in the Westerwoldse Aa river that enters the Dollard Bay (Cadée, 1987) can explain the DOC profile.
In order to assess DOC sources and sinks in estuaries, many more parameters than the simple distribution of the bulk DOC are necessary: long-term bioassays (Hopkinson et al., 1997; Moran et al, 1999; Raymond & Bauer, 2000) , isotopic tracers (Peterson et al, 1994; Cifuentes & Eldridge, 1998) and/or elemental composition of dissolved organic matter (Hopkinson et al., 1997; Sun et al., 1997) . However, even if DOC undergoes strong changes in nature and composition through estuaries, the linear distributions we observed in most of the systems studied here still imply that sources and sinks were globally balanced.
Behaviour of POC in the estuarine zone
The distribution of POC (as expressed in weight per volume of water) in the estuarine zone is driven by the dynamics of suspended sediments and is therefore very similar to the one of SPM, with a marked peak in the upper estuary corresponding to the MTZ (Miller, 1999) . Suspended sediments are trapped in this area for a period that is generally much longer than the residence time of water. They are subjected to sedimentation and erosion at tidal and spring-neap time scales, and are further partly sedimented in the estuary and partly exported to the coastal zone, in a discontinuous way, mostly during extreme high river discharge periods. (Jouanneau & Latouche, 1981; Abril et al., 1999) . Consequently, the distribution of POC is extremely heterogeneous, both vertically and temporally, and cannot be used to assess the mineralization and/or production in macrotidal, turbid estuaries.
For these reasons, we analyse the distribution of the percentage of POC in suspended matter (POC%). This approach was previously used with success both in rivers (e.g. Meybeck, 1982; Veyssy et al., 1999) and in estuaries (e.g. Meybeck et al., 1988) . It is sometimes affected by grain-size variability and for that reason the organic carbon/surface mineral ratio is even more powerful to trace the fate of POC at the continent-ocean interface (Keil et al., 1996) . However, the comparison between bottom and surface samples showed little differences in POC%, suggesting a limited vertical grain-size differentiation, except in the Douro estuary, where SPM was low and POC% was extremely heterogeneous. Finally, to trace the presence of autochthonous POC, we have converted our Chl a data into algal-POC, using the POC/Chl a ratio of 40 from Figure 4 , and we also express it as a percentage of SPM. These distributions are presented in Figures 6 to 9 , where estuaries are classified by similar trends.
The Gironde, Loire and Elbe are similar estuaries, regarding the behaviour of POC (Figure 6 ). They are relatively unpolluted (Figure 3 ), they have a residence time of water exceeding 20 days (Table 2 ) and a well concentrated MTZ is observed (Table 9 and Figure  6 ). Figure 6 shows that the POC% drops very suddenly in the low salinity region, as soon as the SPM increases due to the presence of the MTZ. In the whole MTZ, the POC content of the particles stabilizes to a constant value. This rapid drop of POC% at the entrance of the MTZ suggests that the mineralization of the labile riverine POC occurs simultaneously with an intense dilution of riverine organic-rich particles into a pool of organic-poor particles present in the MTZ (Billen et al., 1986) . The distributions of POC% in the Ems and Sado estuaries, which are also turbid but more polluted than the Gironde, Elbe and Loire (Figure 3) shows a similar trend (Figure 7 ): a constant POC% value is also observed in the MTZ. However, in the Ems, the decrease in the low salinity region was less sudden.
The same constant POC% values observed were previously reported at any season in the MTZs of these estuaries: Gironde 1·5% (Etcher, 1983; Eisma et al., 1985; Lin, 1988) ; Loire: 3·5% (Billen et al., 1986; Meybeck et al., 1988) ; Elbe: 4% (MATURE database; Herman and Heip, 1999) ; Ems: 3% (Cadée, 1987) . This long-term constancy of POC% in MTZs supports the idea that this material is almost refractory. This was confirmed by biochemical analysis, the sum of proteins, lipids and carbohydrates representing, whatever the season, less than 10% and 20% in the MTZ of the Gironde and the Ems respectively (Laane et al., 1987; Lin, 1988) . In addition, Lin (1988) showed the refractory nature of this material in long-term incubations; his results are reported in Kempe et al. (1991) . Veyssy et al. (1999) showed that the constant POC% value in the Gironde MTZ (1·5%) corresponded to the one observed in most soils on the basin as well as in river suspensions in late winter. When organic-rich particles are supplied by the river into these MTZs, either from wastewater (Ems: Cadée & Laane, 1983) , phytoplankton (Loire: Meybeck et al., 1988) or litters (Gironde: Veyssy et al., 1999) , they are diluted into a large pool of ' old ' estuarine particles, which have already lost most of their labile fraction. With this dilution the POC% value in the MTZ is buffered to the soil-refractory POC% value (Etcheber, 1983; Meybeck et al., 1988; Veyssy et al., 1999) . This POC is not, however, entirely refractory, and a very low percentage of labile POC in the high amount of particles is enough to support intense heterotrophic activity and create oxygen depletions (Frankignoulle et al., 1988; Abril et al., 1999) . It is worth noting that the concept of refractory as defined here must be considered at a time-scale of about one or two years, i.e. the time necessary to replace most of the particles in the MTZ. At longer time-scales, the mineralization of this organic matter continues in the sediments on the adjacent continental shelf . The Scheldt and, to a much lesser extent, the Thames are the most polluted estuaries studied (Figure 3) . They also show clear MTZs, but the SPM maximum concentration is only 100 mg l 1 . This limits the ' buffering ' effect described previously. A large part of the suspended matter in the Scheldt originates from sewage inputs (Table 6 ) with high organic content and high bioavailability (Wollast, 1988) . The majority of this POC is lost from the particles by mineralization during their travel through the estuary, resulting in a continuous decrease of POC% downstream (Figure 8) . From 5-10% in river suspensions, POC% decreases to less than 2% near the mouth (Autumn and Winter). As no stabilization is observed at the highest salinities, it is reasonable to think that the mineralization of this POC continues in the water column and sediments at sea.
In the Rhine and Douro estuaries, reduced residence times (a few days) and low solid transport by the rivers (Table 8) does not allow the development of a dense MTZ. This might limit the installation of a large particle-attached bacterial population, which usually dominate in estuaries (Crump et al., 1998) . In the Rhine, the POC% values in the river and in the upper estuary are remarkably stable seasonally (5·3 0·3) which also indicates that, owing to the low contributions of algae (Table 8 ) and wastewater (Figure 3) , the material originates from a constant soil source, which has a relatively low bioavailability. The loss of POC% from the Meuse and Rhine rivers to the Rhine estuary is very limited (0·2%). In the Douro, POC% distribution was scattered and no significant loss can be assessed (Figure 9 ).
Algal-POC% distributions (Figures 6 to 9) show a general trend with highest values in the river and at salinities 15-25 during spring and summer. The Algal-POC produced in the rivers is rapidly mineralized in the upper estuaries. This is particularly evident during summer in highly eutrophized basins like the Loire ( Figure 6 ) and Scheldt (Figure 8 ), but is also observed in the Douro (Figure 9 ). Both salinity and turbidity play important roles in the decay and further mineralization of this freshwater biomass (Heip et al., 1995) . At salinities higher than 20, downstream the MTZ, light penetration increases and marine populations of phytoplankton can develop (Heip et al., 1995) . Algal-POC% and POC% show a second peak in spring and summer. This was observed in spring in the Gironde and Elbe (Figure 6 ), in summer in the Ems (Figure 7 ) and in spring and summer in the Scheldt (Figure 8 ) and in the Rhine (Figure 9 ). The parallelism between POC% and Algal-POC% is particularly remarkable in the Gironde and Elbe in spring ( Figure 6 ) indicating that living phytoplankton accounts for most of the POC peak. In some cases (Gironde and Elbe in Spring: Figure 6 ; Scheldt in summer: Figure 8 ; Rhine in summer: Figure 9 ), Algal-POC showed a decrease at the highest salinities, probably due to a limitation by nutrients at these periods (Wollast, 1983; Meybeck et al., 1988; Cabeçadas et al., 1999) . Depending on the hydrodynamical conditions, this algal POC produced in high salinity regions of estuaries will partly remain in the estuary and partly be exported to the adjacent shelf (Castaing et al., 1999) . In both cases, this organic matter will be almost completely remineralized in the water column and at the surface of the sediments (Kemp et al., 1992; Relexans et al., 1992; Caffrey et al., 1998) . Consequently, even if some export of estuarine algal-POC to the continental shelf may occur under specific spring and summer conditions, this process will have a much lower impact on the net carbon budget of the land-ocean interface, compared to the mineralization of continental POC occurring in upstream parts of estuaries throughout the year. 
Factors controlling the loss of POC in estuaries
We can estimate the concentration of riverine POC that is mineralized in the estuarine zone: it is equal to the average SPM riverine concentrations multiplied by the loss in POC% in the river-estuary transition zone (POC% in the river minus POC% in the MTZ). For example, in the Gironde the loss of POC is 1·3 mg l 1 , which corresponds to a net mineralization of about 40·10 3 tons of carbon per year for an average river discharge of 1000 m 3 s 1 . This is consistent with previous estimations with other methods (Etcheber, 1983; Veyssy et al., 1999) . The remaining part of POC is either sedimented into the estuary or exported to the adjacent shelf, and is further degraded in sediments at longer time scales . Calculations of the POC loss in all estuaries are given in Table 10 ). The constant POC% value in the MTZ of the Gironde, Loire, Elbe, Ems, Sado, and Rhine estuaries are very clear (Figures 6, 7 and 9) . In the Scheldt and Thames, we have used the lowest POC% value observed at the mouth of the estuary, in the absence of algal contribution (autumn and winter, Figure 8 ). Finally, in the Douro, we consider the loss of POC is not significant. The reliability of these estimations is high for the Gironde, Loire, Scheldt, Rhine, Ems and Elbe and moderate for the Sado, Douro and Thames. The loss of POC decreases in the following order: ScheldtnThames>Ems=Sado= Loire>Gironde>Elbe>Rhine>Douro. This order is the same as the one reported by Frankignoulle et al. (1998) for pCO 2 in the inner estuarine zone (Table  9) . However, the relationship between the loss of POC and pCO 2 is not rigorously linear (regression not shown), due to different buffering capacities of the dissolved inorganic carbon systems in the estuaries and to the nitrification process that also affects pCO 2 in estuaries (Frankignoulle et al., 1996; 1998) .
In Figure 10 , we have plotted the loss of POC and the percentage of riverine POC mineralized (' mineralization efficiency ') as functions of two variables: the POC concentration in the river, (that increases with sewage inputs) and the residence time of waters. The POC loss is a linear function of the POC concentration in the river [ Figure 10 (a)]; when excluding the Scheldt, the relationship is still highly significant (R 2 =0·87), with similar slope (0·82) and intercept (0·95). POC mineralization in the studied estuaries thus appears as a first order process. The threshold value of 0·9 mg l 1 corresponds to a theoretical POC that is not affected by estuarine processes; the Rhine and Douro are below this value. Among the remaining POC, 85% are mineralized in the estuaries. It is worth noting, however, that within our study sites, the category ' polluted and short residence time ' is not represented. We would indeed expect that, in such systems, the POC loss would be low even with a high POC concentration in the river. The two diagrams representing POC loss and mineralization efficiency vs residence times of water [Figure 10(b), (d)] show that when residence times are longer than 20 days, mineralization of most of the labile POC is achieved. Indeed, when residence times of waters exceed this value, the residence time of particles is generally much longer (up to 2 years in the Gironde). Again, as the two estuaries with short residence times (Rhine and Douro) are also relatively unpolluted, we are not able to distinguish whether residence time or POC input is the most important factor to explain mineralization in these estuaries.
Using a process-driven model (TOTEM) for the coupled C-N-P-S biogeochemical cycles, Ver et al. Table 7 *Values for inner estuaries, the maximum being observed at the low salinity and the minimum at the mouth (1999) reported an increase in the degree of heterotrophy in the coastal zone and in the accumulation rate of organic carbon in coastal sediments during the last century, related to an increase in the transport of organic carbon from land. Changes in land use and discharges of sewages, both contribute to this process in their model. One very interesting picture concerning the response of heterotrophy to changes in POC loads in long residence time estuaries is obtained by plotting the mineralization efficiency as a function of the river POC concentrations [Figure 10(c)] . From the Elbe to the Thames, mineralization efficiency increases when increasing the POC input. Extrapolation of these lines [Figure 10(c) ] gives a theoretical 100% mineralization when POC equals 3·8 mg l 1 . As discussed previously, in the Elbe, Loire and Gironde, relatively low mineralization efficiencies can be attributed to the presence of terrestrial soil refractory POC. Increasing refractory POC inputs from soils by land-use practices would therefore decrease the mineralization efficiency and would result to a POC transfer to estuarine and coastal sediments. By contrast, the Ems, Sado and Thames estuaries have been previously characterized as polluted (Figure 3 ) and also have higher mineralization efficiencies [Figure 10(c) ]. This suggests that discharging sewage containing highly labile POC would result in a mineralization of most of this material in estuaries and would have limited effect on the net output to the ocean. It appears that in the POC concentration range between the Elbe and Thames (from 2·8 to 3·5 mg l 1 ), estuaries are efficiency reactors that remove sewage-derived POC. However, when the POC input continues to increase and reaches the value of the Scheldt, the system becomes saturated and mineralization stabilizes at about 80%. The Scheldt estuary appears to be a highly saturated system: although it removes more than 80% of the POC load, as well as some DOC (Figure 5 ), the output to the sea still remains relatively high. 
Conclusion
Our study reveals that human activity, through wastewater loads, significantly contributes to the organic carbon in European rivers and estuaries. This might also be the case in other continents, especially in developing countries where sewage treatments are lacking. It is also shown that the introduction of sewage treatments in densely populated basins results in a decrease of the organic carbon concentrations close to the natural levels (Rhine ad Elbe). Therefore, in order to interpret the databases from major world rivers, population density, weighted with an index of sewage treatment, must be considered as a master variable in addition to natural parameters used so far (Ludwig et al., 1996) . Such an approach has been intensively used for nutrients (Meybeck, 1982; Wollast, 1983; Caraco & Cole, 1999) but it is much more difficult to assess for organic carbon, due to mineralization in river systems. When considering the behaviour of POC in the estuarine zone, both mineralization of terrestrial material and production of autochthonous material occur, the latter being likely less important quantitatively, since most of this material is known to be further remineralized. Mineralization is maximum in the upper turbid zones and increased with anthropogenic pressure. Autochthonous POC is mostly observed in the marine regions and at the mouth of the estuaries. Our study shows that the increased carbon load due to pollution is buffered by mineralization in long residence time estuaries, that behave as efficient filters, as far as they do not become saturated with organic carbon (case of the Scheldt). The more important is the contribution of sewage on the watersheds, the more intense are the respiration and the CO 2 fluxes to the atmosphere in the estuaries . Moreover, the reactivity of sewage-derived DOC is also considerable, as exemplified here by the Scheldt basin. By contrast, the presence of a terrestrial soil-derived material resistant to estuarine mineralization has been identified, which suggests that the increased carbon load due to land use would undergo a limited mineralization in estuaries. Consequently, the potential carbon sink induced by an increased burial of organic carbon in estuarine and coastal sediment (Wollast, 1991) strongly depends on the nature of the perturbation (sewage discharge vs soil erosion).
